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SUMMARY (U)

OBJECTIVE (U)

(C) Analyze propagation loss observed at the bottom-limited sites of the Bearing
Stake exercise. Determine the effectiveness of cemputer modeling of propagation loss using
environmental parameters derived from the Bearing Stake exercise. Predict acoustic propa-
gation in seasons other than those of the Bearing Stake exercises. Determine near-bottom
and near-surface propagation effects that can influence sensor depth selection.

RESULTS (U)

1. (C) Very low bottom losses at the Bearing Stake sites cause very low attenua-
tion in long-range sound propagation. Values for attenuation from 0.001 to 0.004 dB/km
were observed at 25 Hz.

2. (O) Computations using sediment models prepared from Bearing Stake obser-
vations give attenuations from 0.005 to 0.01 dB/km at 25 Hz. These are two to four times
larger than the observed values even though sediment attenuations have already been adjusted
downward to match the low losses.

3. (U) The source strength at 25 Hz used in the Bearing Stake exercise was 1.5
to 2 dB higher than previously estimated.

4. (U) Seasonal changes result in less than 2 dB difference in average propagation
loss to 750 km range at 25 Hz. At 140 Hz, seasonal differences can be up to 19 dB.

5. (U) A near-bottom maximum or notch in propagation loss occurs at all the
bottom-limited sites. This notch results from destructive interference between multipaths.

6. (U) Arrays suspended above the Lottom can gain up to 3 dB in signal-to-noise
over arrays on the occan bottom. However, the optimum distance above the bottom
depends on frequency, site, and season.

7. (U) At Site 5, a 100-m-deep source is not bottom limited in some seasons.

8. (U) Sediment sound speeds slower than the water sound speed produce more
complicated reflection loss functions than do fast bottoms.

9. (U) At the Bearing Stake sites there is no clear correlation between season of
the year and sound speed at 100 m depth.

APPLICATION TO NAVY PROBLEMS (U)

1. (C) Average propagation loss at the Bearing Stake sites is tabulated in terms
of two parameters, Hg and «, for three frequencies between 25 and 290 Haz.
2. (U) Seasonal bounds on these two parameters have been determined.

3. (U) Detailed propagation plots near the suiface and bottom can aid sensor
depth placement.

RECOMMENDATIONS (U)

1. (U) Investigate reasons for discrepancy between attenuation as observed and
as computed from observed sediment parameters.

2. (U) Analyze propagation at Site 4, which is not bottom limited.
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INTRODUCTION (U)

(C) The Bearing Stake exercise was a major acoustic survey program conducted in
the Northwest Indian Ocean from January through May 1977, Thc program was sponsored
by the Naval Electronic Systems Command (PME-124). A bottom-mounted array was de-
ployed at each of tive sites indicated in Fig 1. An acoustic data capsule (ACODAC) was
usually also deployed at cach site. Projector tuws or shot runs were made along paths
marked on the figure,

(CY Propagation loss measured to selected hydrophones of the bettom-mounted
array and ACODAC has been analyzed and is reported in Retf' 1. Computer modeling of the
propagation loss at Site | was used as an aid in analyzing the data and to =xamine effects not
available from the experimental setup. In this report, the comparnson between modeled and
observed data is extended to Sites 3 and 5. The data for Site 2 are of questionable quality.
This is apparently due to bathymetry at and near the receiving hydrophones. Such etffects
cannot be addressed by the computer program used here, so no modeling of Site 2 was
attempted.

(CY Propagation at Site 4, i decper water, is via a mixture of convergence zone and
bottom-retlected paths. It thus differs trom the other four sites, where prepagation is via
bottom-reflected paths only. For this reason, propagation ui Site 4 is a separate topic and
will be addressed in a future report.

(€Y Three aspects of propagation are treated i this report. First, the propagation
is analyzed by subtracting the 10 log (1) spreading loss and comparing the remaining average
loss levels and attenuation rates. This technique charactenzes the unique sound transmission
properties of this area of the Indian Ocean. Because these properties depend upon the bot-
tom reflection effects, an analysis of bottom reflection is presented. Sevond, the computer
modeling is extended to different seasons to determine the yearly vanability ot the propa-
gation loss. Thard, near-bottom etlects are studied 1o determine if they can be used to gain
signal-to-noise advantages by selecung near-bottom array Jdepths.

{U) Nomal made modehng has abo been used to analyze towed array performance
at the Bearing Stake sites. This project is reperted in Ret 2.

PROPAGATION LOSS i

COMPUTER MODELING «U)

(1 Propagation foss 1s computed usimg z normal mode progeam. This program gives
a wave theory solution to a boundary value protlem in wiuch the sound speed profile is con-
stant with range. The bottom s flat and s modeled as additional flud layens with character-
stic sound speed, density, and sound attenuvation. The program s desenbed in Ref 3.

1. NOSC Techawai Repert 467 “Propagation Loss Asséssrent of the Beating Stake Exercase (L)
M.A. Pedersen and G.S. Yee, Sept 19N (CONFIDENTIALY

2. NOSC Technecal Repart 564, “Array Simulation at the Beanng Stake Sites (L), D¥ . Gordon. Apnil
198!, (CONFIDENTIAL)

3. NOS( Technical Report 393, “Underwater Sound Propagation Loss Progeam, Computation by Normal
Modes of Layered Uceans and Sedimients.” DF. Gordon, May 1979,

-
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(U) Figute [ Map showng the location of the Bearing Stake sates and
tows oF thol ruas repoeted hete.

) (U) Reference 4 gives the representative sound speed profiles that were denived £ 'm
,‘“~- “ measurements taken during the exerase. Reference S gives the sediment structure and pro-
' pertics derived from both direct measurements and analysis of acoustic reflection measure-
ments. The normeal mode program is lmted (o 12 layers for modeling the sound speed

4. NORDA Report |8, “Beasing Stake Exercise  Sound Speed and Other Envisonmental Varabibty (L),
D.F. Fenaer and WJI. Cronin, Jr., Sept 1973, (CONFIDENTIAL)Y

$. ARL-TR-79-24, “Analysis of Acowstic Bottom Interacticn i Bearing Stake (U1, S K Mitchell and
others, Feb 1979, (CONFIDENTIAL)
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profile in both the water and sediment. Therefore, judgement must be used to model the
most important features of both. Figure 2 shows the three 1epresentative profiles used and
the layers used to represent them in the computer program. The layers in the sediment are
shown in a later section on reflection losses.

(U) The normal mode prog:am is also limited to 250 modes. This is not an absolute
limit, but it is economically wise to stay within it. Bottom loss propagation requires many
modes because high grazing angles correspond to high mode members. At the highest fre-
quency used here, 290 Hz, the 250 modes were barely sufficient, and losses for ranges up to
100 km can be off a little. Where spot checks indicated this error to be greater than 0.1 dB,
extra sets of modes were run and combined by hand to correct the errors.

(C) Table | gives the experimental parameters for the particular runs reported here.
The same parz-aeters were used for the normal mode runs except as noted in the table. The
first number of the run designations in the table is the site number. Site | was occugsied

SOUND SPEED, m/s

{UNCLASSIFIED

(U) Figure 2. Gound spoed profiles showang the layers used tn the
normal mode computations.

9
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Maximum
Run Frequency, Source Depth, Receiver Depth, Range,
Designation Hz m m km
1AP7 25 84 3350 200
1AP7 140 18 3350 200
1AP7 290 18 3350 200
1BP1 25 102 3350 298
1BP1 140 18 3350 298
1BP1 290 19 3350 298
2Al 20 91 3162 1093
282 140 18 3162 372
2Al 300 18 3162 1093
3P4 25 77 3546 352
3P4 140 18 3546 352
3P4 290 18 3546 352
3p2 290 18 3546 333
5P1 22 77 3844* 759
SP1 140 18 3844* 759
5P1 290 18 3844+ 759

*Receiver depth of 4534 m was used in normal mode computations.
(CONFIDENTIAL)

(U) Table 1. Experimental parameters for selected Bearing Stake CW
source tows and bomb runs,

twice during the exercises, leading to designations 1A and 1B. Normal mode parameters
were selected to match Site 1B source depth. The letter following the site designation stands
for a projector tow (P) or a shot run made by a ship (S) or by an airplane (A). The final
number denotes the particular event at that site.

(U) At Site 5, the receivers were on a small hill overlooking the alluvial fan. To
intercompare modeled results of the three sites, the receiver for Site 5 was modeled as
though it were on the flat bottom of the fan. When comparing the modeled results with
observed data, this change in receiver depth will make less than 1 dB difference in the average
propagation loss. A inuch larger difference occurs because the hill shadows many ray paths
- to tne receiver. This effect cannot be modeled with the normal mode program, and correc-
tions for it will be discussed when the losses are compared in a later section of this report.
Because the uncertainty due to this shadowing effect is large, the discrepancy between actual
and moedeled receiver depth was felt to be permissible.

(U) The receiver at Site 2 was also in a hilly area. This probably caused some
anomalies in the propagation there as discussed earlier. The receivers at Sites 1A, 1B, and
3 are on the flat ocean bottom.

DATA REDUCTION (U)

(U) Bearing Stake propagation loss in the bottom-limited areas is characterized by
large variability but small propagation losses. These properties arise from very low bottom

10
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reflection losses and the many multipaths that result. The variability has been investigated
in detail and will be reported in Ref 6. The amplitude distributions of large quantities of
both observed and modeled data are reported there, Those data were also availzble to this
work as average sound intensities in 50-km bins, so they served as a starting point and as a
framework for this investigation of propagatiun loss.

(C) Range bins are centered on each even 50 km. The first bin extends from 25 to
75 km, the second from 75 to 125 km, etc. Some of the shortest propagation runs in Site |
extend to less than 225 km and thus vield three range bins. The longest at Site 2 was used
to 875 km, giving 17 range bins.

(U) Where additional computed data were needed, random phase mode sums were
used. Adding modes in random phase is a simple and effective way to obtain propagation
losses equivalent to those averaged in range. Such random phase losses are constrained to
lie on a smooth curve, increasing with range. For these reasons we chose to use random
phase computations to investigate the widest range of cases. Figure 3 is a comparison of
average normal mode losses as computed by the two methods. Note the smoothiiess of the
random phase losses and the variation in the 50-km bin averages. With 5000 points per bin
in this case, the variation of up to 0.5 dB in the averages is not lik 2ly to be due to chance

O RANDOM PHASE
= = == 50-km RANGE BIN AVERAGES

80—

PROPAGATION LOSS, dB

L | J
0 200 400 800 800
RANGE, km

(UNCLASSIFIED)

(U) Figure 3. Comparison of normal mode propagation losses computed by random
phase mode addition and computed by phased mode addition and then averaged.

6. M.A, Tedorsen, et al, “Comparison of Theoretical and Experimental Statistical
Distributions of Bearing Stake Propagation Loss™ (NOSC TR in pteparation).
11
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summing of random values. Rather, intervals of consiructive or destructive mode phase ad-
dition are probably long enough to occupy a significant part of a 50-km range bin, so that
many fewer than S000 random range intervals occur in a range bin. This sccounts for the
variability from bin to bin.

- (U) With a single propagation loss in decibels for each bin, our tzchniquc is to
e remove the cylindrical spreading term and make a linear least squares fit (or linear regression)
. to the constant Hg, and the slope a. That is, we assume the following propagation loss

g dependence.
) H(r) = Hy+ 101og (r) +ar (H
;, & where H is the propagation loss in decibels, r is range in kilometers, and « is the attenuation
A rate. In the regression, Hy and a are determined by making a linear fit to y, where
L y = H(r) - 10log () = H, +ar @)

with r as the dependent variable. The overall propagation loss of two propagation runs can
b, be compared by comparing the two values of Hy. The antilog of H,/10 gives the transition
3 ¢ range where spherical spreading gives way to cylindrical spreading. The damping term o
2 7 measures losses in excess of cylindrical spreading which are predominantly bottom reflection
' : losses,
S (U) We give three standard errors with the tabulated results: sy |p.sy, and so. The |
E 8 standard erro1 of estimate Sylr gives the variation of the given points about the regression
. L 4 line. It is given by
Y. 1
sylf = (=D Gy - a?sP)/m-2) 3)
‘;’; K where n is the nuniber of points (range bins) in the run, and Sy and sy, are the standard devi-

|- ations of y and r. The variation of the zero range intercept Hy, is given by
2 ‘ _ s,%l = s).hz {1/n +?2/sr2 n-D1 . 4)
o The variation in « is given by
23
Y o
sg = syidlsfm-1 . (5)

These aie estimates of the population standard errors and, assuming the sample points are
taken from a normally distributad population, they can be used in t-tests for significance or
testing hypotheses about the regression parameters.

(U) In the following tabulations, when Hg or o are given, they will be listed with
their standard error, eg, 35.56 ¢+ 1.03 dB. This means that, if nosmally distributed, 68 per-
cent of the observations of Hy, will fall within 1.03 dB of the true valie.

(U) When the intcnsities are averaged in a range bin, it is reasonable to assign the
average to the midpoint of the bin. However, when fitting to a cylindncal spreading curve,
a better fit is obtained if the average point of an interval is assigned to the range of the aver-
age value of a cylindrical function, over the range tin. The average is

12
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b
(o - a)"1 [ dr/r = (logb - log a)/(b - a) 6)
a

The reciprocal of this average gives the range required. Table 2 gives the centers of the 50-km
ranee bins 2nd aiso the modified centers from Eq (6). The differences are largest at short
ranges, where the curvature of the cylindrical spreading curve is greatest. For all data sets
us-d, the standard error of estimate is smaller when using the modified bin ranges than when
using the midpoints, so reported results are for the modified ranges. Points determined by
random phase mode addition correspond to averages at a point and not over an interval, so
such points do not need to be shifted.

(U) The assumption that y in Eq (2) is linear is an approximation, particularly for
bottrm-reflected propagation. However, it does not seem to be a serious error, as indicated
by the following argument. Figure 4 shows a typical case, with both observed data and nor-
mal mode random phase resulis for Site 5, 140 Hz. A least squares fit to both sets is shown,
The normal mode propagation loss data, a random phase sum, are expected to lie on a smooth

TP R e S

e = ; curve, From the figure it can be seen that this curve is not quite a straight line. This is be-
. cause the loss is a sum Hf me-es witn different attenuation rates, and at longer ranges the
E § ' modes of larger attent..cdon have been stripped out. Physically, this corresponds to higher
E f angle bottom reflected paths being stripped out due t- larger bottom losses per reflection
g - § ; and to more frequent reflections.
: , : ({J) The “ope of the normal mod. line in Fig 4 is 0.0198 dB/km. A second-degree
5_f e pelynomual iit (adding r2 as a variable) fi.s the points more closely and gives a slope at 50
,’ } . km 0f 0.022 dB/km and 1 750 km of 0.017 dB/km.
i j (U) We thus see that the slope « is the attenuation rate at about the midrange of the
h §: given data, about 430 km when data are given ‘o 750 km. When observed data are given for
3 % only a few range bins at short range, a scniewhat high velue of « will be obtained. However,
. the scatter of the observed data is too great to he sensitive to these small differences in slope.
¢ g ' Therefore, in the remainder of this report, we will assume the linear model is acceptable and
i wiil compare runs on the basis ¢f Hy and «. In Fig 4 it is app-~rent the « for the two runs
1 i is different. H, may well be the same.
N
: e Center, Kange of average,
3 5 km km
i 5C 45512
100 97881
E. 1 150 148 601
S 200 198954
TR 300 299.304
: . : S0G 499 783
e 700 699.703
E (UNCLASSHIFIED)
[ - . ,' 7U) Tobls 2. The centers of some S0-km range oins sad the
L e range of the average valu: ol /1 for the
same range bins.
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(U) IFigure 4. Propagation loss with 10 log(r) removed and least squares fits for
Site 5, 140 Hz. Observed data averaged in 50-km bins. Computed data are
by random phase mode addition.

(U) Table 3 gives the regression parameters for the observed and for the computed
data. The runs labeled “NMRP” are normal mode and random phase mode addition. Other
results are for points from each 50-km range bin. Thus, the first resuit for Site 1 A, labeled
*“‘data,” where n is three for an observed propagation run, tow P7, which gave data for three
range bins covering a range from 25 to 175 km. The third entry in the table, labeled “NM,”
is for normal mode intensities computed every 10 m in range, averaged over 50-km range bins
from 25 to 775 km, giving 15 points. Other entries in Table 3 will be described later.

ANALYSIS OF OBSERVED DATA (U)

(U) Reference 1 picks out and tabulates propagation losses (50-km bin averages)
for the best propagation loss runs at each site for low, medium, and high frequency, usually
25, 140, and 290 Hz. These tabulations are on pages 76, 108, 125, and 169 of Ret 1. The
reason for selecting these runs is the assumption that these best runs suffer little shadowing
from nearby bottom features and should best correspond to theoretical propagation along
unobstructed paths. For this reason, these particular runs are used here as representative of
each site and are the observed data tabulated in Table 3. Values of Hy and o for these data
from Table 3 will be discussed next.

(U) The values of Hg, for the three frequency groups are plotted in Fig §. Two
“best” runs were given for Site 3 at 290 Hz in Ref 1, and both are plotted on the figure. The
right-hand scale on the figure gives the transition range, Rg, the runge at which spherical
spreading changes to cylindrical spreading. It is approximated by

10log Ry = Hy )
14
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LOW FREQUENCY
H,, a,
Site Type dB dB/km
1AP7 DATA 32.32£0.002 - 0.0023 £0.0000
1BP1 DATA 3098 £0.37 0.0017 £0.0022
1 NM 33.1910.24 0.0100 £ 0.0005
1 NMRP 33.00%0.16 0.0103 £0.0004
IMAX NMRP 33.85%0.19 0.0151 £0.0004
IMIN NMRP 34.10%0.18 0.0120 £ 0.0004
2Al DATA 32.28%1.95 0.0073 £0.0006
3P4 DATA 32.03%1.02 0.0035 £0.0053
3 NM 33.52+0.10 0.0080 % 0.0002
3 NMRP 33.08 £0.15 0.0087 £ 0.0003
IMAX NMRP 33.1310.14 0.0094 + 0.0003
3MIN NMRP 32.79£0.14 0.0079 £0.0003
SPI DATA 33.0710.36 0.0011 £ 0.0008
5 NM 33.89£0.09 0.0046 £ 0.0002
S NMRP 33.73%0.14 0.0049 1 0.0003
SMAX NMRP 33.660.15 0.0053 £ 0.0003
SMIN NMRP 33.52%0.14 0.0048 £ (0.0003
MEDIUM FREQUENCY
1AP7 DATA 3833 1.77 0.0017 £ 0.0167
IBP! DATA 33,76 £1.07 0.0234 £ 0.0065
1 NMRP 39.33+£0.63 0.0481 £ 0.0013
IMAX NMRP 41.22+0.56 0.0551 £0.0012
IMIN NMRP 41.01 £ Q.61 0.0465 £ 0.0013
282 DATA 42,78 £ 3,50 0.0014 £ .0146
K} 2) DATA 3591 +1.27 0.0150 £ 0.0065
3 NM 37.16 £ 0.54 0.0498 + 0.0002
3 NMRP 37461032 0.0432 £ 0.0007
IMAX NMRP 37312032 0.0457 £ 0.0007
IMIN NMRP 37902045 0.0365 + 0.0002
SP1 DATA 37.25t 04! 0.0083 £ 0.0009
S NMRP 36.76 £ 0.08 0.0198 + 0.0002
SMAX NMRP 36.67 £ 0.11 0.0199 * 0.0002
SMIN NMRP 37.2220.11 0.01489 £ 0.0002
{CONFIDENTIAL)

Standard

Error of

Estimate, Frequency n,

dB Hz

0.0014 25 3
0.3566 25 5
0.4459 25 15
0.2978 25 15
0.3589 25 15
0.3345 25 15
0.6448 25 17
1.1143 25 6
0.1893 25 15
0.2695 25 15
0.2601 25 15
0.3594 25 15
0.6567 2 15
0.1579 22 15
0.2602 22 15
0.2759 2 15
0.2611 2 15
1.2185 140 3
1.0487 140 5
1.1568 140 15
1.0358 140 15
1.1206 140 15
3.07 140 6
1.3846 140 6
0.4340 140 1§
0.5810 140 1§
0.5885 140 1§
0.8333 140 15
0.764% 140 1S
0.1546 140 1§
0.1948 140 15
0.1996 140 1S

(U) Table 3. Fits of H(r) = 10 Jog(r) + Hy + ar to the averages of 50-km range bins or random
phase piode sums at S0-km range intervals. Standard errors ate included.

15

CONFIDENTIAL

g S &



T T Y L I g AT oS T T T T g

CONFIDENTIAL
HIGH FREQUENCY
x Standard
' Error of
Ho’ a, Estimate, Frequency n,
Site Type dB dB/km dB Hz
L ¢
K i LAP7 DATA 34001048 0.0472 £0.0045 0.3306 290 3
. k 1BP1 DATA 3692 £0.80 0.0334 £0.0049 0.7800 290 5
p | 1 NMRP 39,63 £0.32 0.1025 +£0.0007 0.5942 290 15
: 2A1 DATA 41.75+1.02 0.0212 £0.0018 1.851 300 17
] 3P4 DATA 37.46 £0.97 0.0347 +0.0050 1.0641 290 6
' - m DATA 35.06 £0.98 0.0456 £ 0.0051 1.0754 290 6
3 NMRP 37.73%0.26 0.0727 £0.0002 0.4743 290 15
SP1 DATA 38,72 £0.64 0.0177 £0.0014 1.1780 290 15
5 NMRP 38.8210.22 0.0395 £0.0005 0.4090 290 15
(CONFIDENTIAL)
(U) Table 3, continued.

R, tkm)

4% 1 1
0 100 200 300
FREQUENCY, Nz

(CONFIDENTIAL)
(U) Figure S. Zero intercept of least squares fits tc loss - 10 log (r) for the observed data.

Range of change from spherical to cylindrical spreading is given on right-hand scale.
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This concept is an approximation, as was the linearity of y; but in general, shallower depths
and lower reflection losses should give smaller values of R,. In general, Site 1 (1A and 1B)
has the shallowest depth but greatest bottom loss, while Site 5 has the greatest depth but
least loss. Therefore, it is not surprising that Fig 5 does not show a clear-cut dependence on
site. An analysis of variance using site and frequency does not indicate at the S-percent sig-
nificance level that site affects H,. Certain etfects on Hg due to such things as source level
and the contours of the bottom at the hydrophones will be discussed when comparison is
made with normal .mode results.

(U) The analysis of variance indicates that frequency is a significant variable at the
S-percent level. Figure 5 shows, however, that the significant frequency dependence is be-
tween 25 Hz and the higher frequencies. There is no clear increase in Hg from 140 to 290 Hz.

(U) We can therefore conclude that at 25 Hz, the spreading of energy has become
cylindrical, or reached Ry, by a range of 2 km. At the two higher frequencies, R, tends to be
several times greater. R, is probably the range at which the bottom-reflected field becomes
comparable in intensity to the direct field. In all cases our first data points at 20 km are well
beyond R,,. If this were not so, they might unduly elevate the fitted line and increase its
slope.

(U) The other parameter, the attenuation «, is plotted in Fig 6. Here again an analy-
sis of variance indicates that o depends on frequency but not on site at the S-percent signifi-
cance level. Thus, as is obvious from Fig 6, « increases with frequency, but there is too much
variation to say that a high value of « at one frequency implies a high value for the same site
at another frequency. Therefore, from these data we cannot correlate @ with the physical
properties of the sediments at the different sites.

(C) The attenuation does increase with frequency, and a line through the average «
at each of the three frequencies is roughly linear. In this frequency range we can say that at-
tenuation increases by the slope of this line, or 0.01 dB/km per 100 Hz. Thorp's attenuation
(Ref 7) accounts for about one-third of o at 290 Hz. Should the linear trerd in o continue,
Thorp’s curve would cross it near 9 kHz. However, there is little justification for extending
the linear curve beyond a few hundred hertz or for assuming Thorp’s curve is valid in the
Indian Ocean. We therefore can only conclude that, in the frequency range of our data,
bottom loss is the principal loss mechanism and increases with frequency in a near-linear
fashion.

(U) Three values of « are negative. These are Sites A and 3 at 25 Hz and Site 2 at
140 Hz. In the last two, « is within one standard deviation of zero, so we can assume that «
should have had a positive value. At Site 1A, only three data bins are given. These three
points by chance fell near a straight iine, giving an estimate of the standard deviation that is
almost certainly too small. This is suggested by the standard error, which is less than | per-
cent of the next larger standard error in Table 3.

(U) 1t is not likely that a true negative o was observed because propagation runs
usually were directly towards or away from the hydrophone sites, which doesn’t permit
long-range paths to be distinct from short-range paths over their entire length. However,
effects which could produce a negative a include change in water depth, which can s -t
mode strength and mode coupling (as in surtace decoupling), changes in sound speed profile.
which affect ducting, and even focusing in the horizontal plane due to bathymetry.

7. WH. Thorp. “Analytic Description of the Low-Frequency Attenuation Coeflicient,” J. Acoust. Soc.
Am. 42:1,p 270, July 1967.
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(U) Figure 6. Attenuation (slope of least squares fit) for observed data.

COMPARISON OF COMPUTED AND OBSERVED DATA (U)

(U) Normal mode runs with random phase addition are labeled *NMRP” in Table 3.
Comparison of the four normal mode runs for data averaged in bins with the random phase
runs just below them indicate that the results are essentially equivalent. We therefore are
confident in using these and other random phase computations to represent the normal
mode results.

(U) From Table 3, Hy and a can be compared for normal mode and observed data

for Sites 1, 3. and 35 at each of the three frequency ranges. Figure 7 shows Hy for these cases.

The outer limits of the equivalent value from the observed data from Fig S are shown as a
cross-hatched area. The values for Hj, for normal mode are larger than those tor the observed
data at the low frequency but fit within the large spread for the data at the two higher fre-
quencies. This suggests that the source strength used in reducing the observed data at the
low frequency may have been too low. The true source strength was probably 1.5 dB higher,
with true losses greater by that amount. Let us look at the differences between individual
sites to be more specific,

(C) Figure 8 shows the differences between M, as derived from the data and the
normal mode losses. The two Site | runs, 1AP7 and 1BP1 were over nearly identical paths
and should yield the same resuits. Reference 1, page 74, concludes that tow 1AP7 isin
error at 140 Hz by +2 dB. Figure 8 supports this conclusion. Part of the problem at Sites
1A and 1B results because the ranges were only to 200 and 298 km for these two tows,
respectively, or three and five range bins. The parameters resulting from these least squares

13
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(U) Figure 7. Zero intercept of least squares fits 1o loss - 10 log (r) for
computed losses. The observed data from Fig S lies within the
cross-hatched area.

fits are therefore more variable than those for the usual 1S range bins. However, the two
values for Site 3 also diverge markedly on the scale of this figure,

(C) Site 5 is a special problem. While the hydrophones at Sites 1 und 3 were on the
bottom of the flat alluvial fans, that for Site S was on a hill 700m above and 6 km distant
from the fan. This hill, with over a 6-deg slope, will intersect all uptravelling rays from an
18-m source that would otherwise reach the receiver. These rays will, in general, reflect to a
point beyond the receiver. The deeper source depth of 77m used at 22 Hz will allow rays
up to 3.6 deg from the horizontal at the source to clear the slope and reach the receiver.
Thus, to compare with Sites | and 3 data and also with the normal mode results, Site 5 loss
data should be decreased by nearly 3 dB at the two higher frequencies and a lesser amount
at 22 Hz. Such a decrease would result in a comesponding decrease in Hy. Thus, the small
differences in H, for Site 5 shown in Fig 8 are incorrect and should be larger by perhaps 1
to 2.5 dB. With this uncertain result, we nevertheless average the four differences at the low
frequency in Fig 8 and get an estimate of source strength error of between 1.5 and 2 dB.

(U) At the two higher frequencies, an ever larger underestimation of the source
strength is suggested. However, the farger scatter of the differences makes this less certain.
Also, the larger attenuation rates here teave open the possibility of other explanations. In
the jow-frequency case, source level appears to be the only available explanation.

19
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(U) Figure 8. Zero intercept for observed data minus zero
intercept for computed data.

(U) Figure 9 shows the attenuation, a, for the normal mode data. Again, the area
occupied by the observed di‘a from Fig 6 is cross-hatched. The computed attenuation is
definitely greater than the observed auttenuation. Because o is a measure of bottom loss, we
must turn to the geo-acoustic bottom models to clarify the differences. In the following
sections, we will compare our approximate models of the sediments with the ARL models.
which were derived from Bearing Stake data. We will <how examples which indicate the
sensitivity of the reflection loss to some of the sediment parameters. Finally, we will show
some of the fundamental differences between the normal mode and ray theory reflection
losses. However, in general, we will be unable to explain the differences in o in Fig 9.

BOTTOM REFLECTION (U)

(U) Figures 10 to 12 show the sediment acoustic models for Sites 1, 3, and 5.
Three quantities, sound speed, sound absorption, and density, are shown as a function of
depth for each site. The approximations to these models used in the normal mode compu-
tations are alsc shown (broken lines). In the normal mode model, the squared index of refrac-
tion is a linear function. The sound speed is therefore not linear but slightly curved, as seen in
the figures. The index of refraction is a complex number and the imaginary part is proportional
to the absorption, a, given by

20
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(U) Figure 9. Attenuation for computed losses. The observed data
from Fig 6 lies within the cross-hatched area.

WATER
SEDIMENT

g

SEDIMENT DEPTH, m

-
m = -
1000 o -
1200 I- SEDIMENT - - &
ROCK
A i i A L
1500 2000 2500 a0t 0015 0.02 0.026 \ 2
SGUND SPEED, mAec ATTENUATION, dB/Am/Mz DENSITY. gniem®
(CONFIDENTIAL)
(U) Figure 10. Sediment model for Site | and two layers fitted to it for normal mode computations.
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(U) Figure 11. Sediment model for Site 3 and four layers fitted to it for normal mode computation.
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(U) Figure 12. Sediment model fos Site 5 and three layers fitted to it for normal mode computation.
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a = =20log(e) wImn/C, (8)

where w is the angular frequency, n is the index of refraction, and a isin dB/m. In the
normal mode model, the density is a step function, constant in each layer.

(U) The fit to Site | was made at an earlier date than the other two, and less care
was used in fitting « near the top of the sediment. Also, it was only carried to a depth of
600 m. Rays with grazing angles greater than 43 deg will penetrate to this depth. The equiv-
alent mode has an attenuation of 0.1 dB/km at 25 Hz. Thus, in the first 100 km, the field
may be unduly strengthened by reflections from this too-shallow basement. However, the
poor fit to a in the first 300 m of sediment depth is a greater cause of error. Figure 13 shows
the reflection coefficients obtained from this model, the observed reflection coefficients,
and the ARL reflection coefficients. It can be seen that the reflection losses for the normai
mode model are consistently greater than those for the ARL model for the first 25 deg of
grazing angle.

(U) In Fig 13 and those following, the observed reflection losses are plotted at the
center of 5-deg grazing angle bins. The standard deviation of these points is great enough to
include the ARL loss curve in each case. Therefore, the ARL curves, which are based on
computed reflection coefficients and ray paths through the sediment, are believed to be a
more reliable estimation of reflection loss than the observed loss points. The ARL sediment
models of Fig 10 to 12 were derived by modifying the sediment attenuation until the com-
puted loss curves matched the observed curves sufficiently well at the higher frequencies.
The assumption that attenuation in the sediment is proportional to frequency was made to
compute reflection losses at the lowest frequencies.
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(U) Figute 13. Reflection tosses foe Sate § at 25 Ha.
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(U) The normal mode reflection losses are a ratio of the up- and down-going energy
at the water ~sediment interiace for each individual mode. Each mode corresponds to a spe-
cific grazing angle determined by its phase velocity. Four reasons for the discrepancy be-
tween the normal mode and AKL losses are apparent. First, the differences in the model, as
i was discussed for Site 1. cause some discrepancies. These ditferences arise because th.e nor-
mal mode is Jimited in the number of layers that can be used in the sediment. The number
of sediment plus water layers is limited to 12. Secondly, the ARL results are for 1/3-octave
frequency bands, while the normal mode losses are for 1 discrete frequency. Thus, the strong
interference patterns seen in the normal mode losses would be largely averaged out if a band
of frequencies were used. The average loss would be near the bottom of the interference

beats.

(U) Thirdly, as discussed, the paths refracted in the sediments are different for the
two models. The ARL paths are for a fixed total loop length, while the normal mode paths
are for a fixed phase velocity. This difference becomes noticeable above 20 deg and may
account for much of the large discrepancy at very high grazing angles.

(U) Lastly, the total upgoing energy of the normal mode reflection loss includes that
arriving from muitiole reflections fromr. the underside of the sediment. Thus, the only signifi-
cant energy loss in the normal mode model is that to sediment attenuation,

(U) In Fig {3 to 15, the reflection losses for Site 1 are compared in three frequency
ranges. At the two lower frequeaci:s, the normal mode losses are greater to about 235 to 30
deg grazing angle, where they cross the ARL losses and become less. It appears that if the
290-Hz normal mode computations were carried out to this range, they would behave in the

same vay.
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(U) Figure 14. Reflection losses for Site 1. Nonmal mode losses at 140 Hz
compared with observed and ARL losses at 100 and 200 Hz.
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(U) Figure 15. Reflection losses for Site 1. Normal mode losses at 290 Hz
compared with ARL and obse:ved losses at 200 and 409 Hz.

(U) In Fig 16 to 18 for Site 3, the reflection losses are greater for the normal mode
only to 5 to 8 deg grazing angle and then are decidedly less than the ARL losses. For Site §
(Fig 19 to 21), the two losses agree well to beyond 20 deg, where the normal mode losses
are again smaller. An exception is the 100- anc 200-Hz ARL curves, which have high losses
at grazing angles of 1 to 3 deg, as do the observed loss curves The normal mode losses do
not show this large loss, although the 140-Hz case is somewhat steeper near zero grazing
angle than the other two. A further investigation shows similar effects in the normal mode
losses.

(U) Figure 22 shows the reflection loss at Site 5 for the first S deg of grazing angle
for six different frequencies as evaluated at the normal modes. The curves in the figure start
from the first mode with phase velocity greater than the bottom-water sound speed. The
reflection coefficient should be approximately zero at zero grazing angle, so the curves can
be arbitrarily continued to this point. Only the 90-Hz curve would leave a serious question
of how to connect it o zero. It is apparent, though, that « pronounced interference-like
peak occurs near 90 Hz.

{U) The Rayleigh reflaction coefticient is 0.51 at | deg grazing angle (as a ratio of
intencities) and is independent of frequency. This equal partition of energy permits destruc-
tive phase interference tetween the two parts. A sccond possible mechanism for the loss
neaks is that the phase of the incideat sound at the sediment surface and the refracted path
in the sediment can combine to keep as much energy as possible reflecting repeatedly from
the underside o1 the sediment. This would then maximize loss by absorption in the
sediment.
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(U) Figure 16. Reflection losses for Site 3 at 25 Hz.
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(U) Figure 1 7. Reflection losses for Site 3. Nonnal mode losses at 140 Hz
compared with observed and ARL losses at 100 and 200 Hz.
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": ’ (U) Figure 18. Reflection losses for Site 3. Normal mode losses at 290 Hz
. compared with observed and ARL losses at 200 and 400 Hz.
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(U) Figure 19. Reflection losses for Site S at 25 Hz,
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(U) Figure 20. Reflection losses for Site S. Normal mode losses at 140 Hz
compared with observed and ARL losses at 100 and 200 Hz.
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(U) Figure 21. Reflection losses at Site 5. Normal mode losses at 290 Hz are
compared with observed losses at 200, 315, and 400 Hz and ARL losses
at 200 and 400 Hz.
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(U) Figure 22. Reflection loss for Site S at six frequencies from 90 to 210 Hz.

(U) No attempt has been made to verify the loss mechanism suggested above. We
have shown that normal mode sometimes predicts high bottom losses in the first 5 deg of
grazing angle. The ARL reflection coefficients show high losses at 100 and 200 Hz, and the
Site 5 data show relatively high losses for low grazing angles at all frequencies. Slow sound
speed at the sediment surface is a first requirement for predicting this effect.

(U) A higher bottom loss effect, similar to the above but less pronounced, is appar-
ent in the data for Site 4 in Ref S for just one of the five frequencies, 50 Hz. At Sites t and
3, low grazing angle data were generally not available, or possible, because the sound speed
at the source was substantially higher than at the bottom. Because the sediment sound speed
at these two sites is equal to or greater than the water sound speed, a well-behaved reflection
coeflicient at low angles is expected.

(U) In conclusion, a comparison of Fig 6 and 9 shows that the attenuation a for the
modeled propagation is two to four times greater than for the observed propagation. Be-
cause bottom loss is the principal mechanism producing attenuation, we examine bottom
loss vaiues. At Site 1, the bottom losses at low grazing angles, as determined by the normal
mode program, are greater than the observed losses as modeled by ARL by up to 40 percent.
However, at Sites 3 and 5, the losses are reasonably similar. The higher losses at Site | can
be explained by an imprecise modeling of the sediment attenuation. It appears then that the
ARL sediment models produce the desired reflection losses. These reflection losses do not
produce the observed attenuation. The measured reflection loss data then are larger than
the actual losses in the long-range propagation.
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(U) Several checks should then be considered. First, other wave theory programs
should be used to model the propagation, using the ARL sediment models to confirm that
the resulting attenuation is too large. Second, because the observed attenuation is very .ow
compared with other oceans, small corrections might be sufficient. The discrepan.'y here is
not large in magnitude. Selecting lower reflection losses still within « standard deviation of
the mean might be enough to obtain agreement. Third, with the size of the correction in
mind, the experimental procedure should be reviewed to find possible sources of error.

SEASONAL VARIATION (U)

{C) Colbom (Ref 8) has reported on seasonal variation in sound speed in the Indian
Ocean. Seasonal variation in sound propagation is small or moderate at the bottom-limited
sites in the Indian QOcean. This is because propagation by the bottom-reflected paths depends
much more on bottom characteristics than on sound speed profiles. In this section we will
note the difference in propagation loss between the extreme sound speed profiles of the year
for each site. One can, with reasonable assurance, assume the propagation loss for other pro-
files will lie between these extremes.

(U) The main effect that the sound speed profile exerts on this bottom-reflected
propagation is to determine the bottom grazing angle. A second effect is to change the loop
length or range between bottom encounters, but the deep part of the profile, which does not
change perceptibly with season, accounts for the major part of the loop length. Therefore,
it is the first effect, the grazing angle, which is most important in seasonal variation. The [
sound speed at the source determines the minimum grazing angle of rays at the bottom.

(U) Characterizing the propagation by season, therefore, requires choosing a source
depth, We have chosen 100 m as a depth of general tactical interest. We will therefore clas-
sify profiles according to their sound speeds at 100 m depth. Specifically, we will select pro-
files with maximum and minimum sound speeds at 100 m depth and assume these will give
maximum and minimum propagation of sound for a source at that depth,

(C) Seasons in the Northwestem Indian Ocean consist of two monsoon seasons and
the two transition seasons between them (Ref 8). The summer monsoon extends from June
through September. October through November is an intermediate season. The winter mon-
soon extends from December through February, and March through May is a transition
$eason.

SEASONAL PROFILES (U)

(C) Archived sound speed profiles from the vicinity of Sites 1, 3, 4, and § were
divided into these four seasons. Site 4 was included, although computations for it are not
included in this report. Profiles with maximum and minimum sound speed at 100 m were
selected for each site and scason. The maximum and minimum profiles for the entire year
were then selected. These are listed in Table 4. 1t turned out that the maximums for the
four sites occurred in the winter and in the summer monsooen (one each) and in the spring
intermediate season (two). The minimum profiles occurred in the spring intermediate

8. NUC Technical Paper 502, “Sound-Speed Distribution in the Westem Indian Ocean,™ J.G. Calborn,
Feb 1976.
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Sound Speed Minimum
at 100 m, Grazing Angle,
Site  Season Lat Long m/s deg

MAXIMUM

1 WM 22°31’ 61°30' 1533.3 8.8

3 M 15° 30' 63°43' 1541.3 10.3

4 SI 5°2 52°12 1543.0 0.9

5 sl 8% 16’ 63° 46’ 1541.6 5.7
MINIMUM

1 M 23° 10/ 60° 20’ 1520.2 4.6

3 FI 20°0' 63°0' 15202 4.0

4 M 6° 47' 50° 8’ 1508.0 0.0

5 Sl 9°13' 60° 13" 1524.6 0.0

(CONFIDENTIAL)

(U) Table 4. Profiles with maximum and minimum sound spesd at 100 m depth. Seasonsin
which profiles were observed are classified as winter and summer monsoon
(WM, SM) and spring and fall intermediate (81, FI) seasons.

season (one), in the summer monsoon (two), and in the fall intermediate season (one). For
Site 5, both the maximum and minimum profiles were observed during the spring intermedi-
ate season. One can therefore make no obvious correlation between time of the year and
sound propagation in this part of the Indian Ocean.

(U) Table S gives the interfaces of the extreme sound speed profiles as selected for
nornal mode computations. Sound speeds are given at 100 m. Some of these are the points
at which the near-linear layers crossed 100 m depth and difter slightly from the equivalent
observed profile sound speeds of Table 4. 1t can be seen that »ound speed profiles with min-
imum sound speed at 100 m do not necessarily have minimum sound speeds at other depths.
In many cases, the sound speed of 2 minimum profile exceeds that of the maximum profile
at some depth. Thus, computed propagation loss will only represent extreme cases for 100-m
source depths. Also, the Site 5 minimum profile is not bottom limited at 100 m dopth. so it
represents a special case.
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Sound Speed, m/s
Depth, m 1 Max. 1 Min. 3 Max. 3 Min. 5 Max. 5 Min.
0 1532.0 1535.7 1539.3 1541.5 1544.4 1539.7
50 1522.5 1537.2
90 1521.0
100 1533.3 (1520.6) 1541.3 (1520.6) 1541.6 (1524.4)
150 1512.0
200 1526.0 1517.2 1512.0
300 1522.7
400 1508.1 1508.3 1501.7 1501.0
500 15124 1506.0
600 1502.7
800 1501.5
950 1503.4
1000 1504.2
1200 1497.1
1300 1497.7 1498.1
1600 1493.0
1750 1497.2 1496.5 1494.8 1495.0 1494.5
2000 1494.2
2200 1497.7 1497.7
2500 1500.9 1500.9 1500.5 1500.5 1500.2 1500.2
3349 15153 1515.3
3555 1516.5 1516.5
4534 15339 15339
(UNCLASSIFIED)

(U) Table 5. Sound speed profiles used to compute extremes in seasonal variation. These are
fits to profiles which had maximum and minimum sound speed at 100 m depth.
Values in parentheses are not layer interfaces but ure
included for comparison.

VARIABILITY AT 25 Hz (U)

(C) Figures 23, 24, and 25 compare the propagation loss (random phase mode sums)
for the maximum and minimun profiles at 25 Hz. The source depths for these three compu-
tsdions were 102, 77, and 77 m, as given in Table 1. The parameters resulting from least
squares fits to these runs are given in Table 3. The source depths at 77 m are reasonably close
to the 100 m at which maximum and minimum sound speeds were selected. The sound speed
for the Site S minimum profile at 77 m depth is 1530.3 m/s, so there is over 200 m of depth
excess, compared with 360 m depth excess at the 100-m depth. Therefore, similar propaga-
tion results can be expected.

{U) The seasonal propagation loss variability as indicated by these three compari-
sons is small. The largest difference, Site | at maximum range, is only 2 dB. This is to be
expected because the bottom reflection loss dominates the propagation and does not change
with season. Site 5 with bottom excess can be more complicated and will be discussed fur-
ther in the next section.
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(U) Figure 23. Propagation losses computed for seasonal extreme profiles for Site 1, ‘
25 Hz using random phase mode addition. Source is at 100 m, receiver is at the
bottom.
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(U) Figure 24. Propagation losses for seasonal extreme profiles for Site 3. 25 Ha.
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(U) Figure 25. Propagation losses for seasonal extreme profiles for Site 5,25 Hz.

(U) In Table 3, the value for « for Site 1, 25 Hz, does not lic between thoss for the
Site | minimum and maximum profiles. A reason for this is that the Site 1 profile happens
to be almost exactly equal to the minimum profile at 100 m depth. In fact, because of the
curve fit, it has a sound speed there of 0.2 m/s less than that of the minimum prolile.

VARIABILITY AT 140 Hz (U)

(U) Propagation losses computed lor 18 m source depth do not retlect seasorad vana-
tions chosen to be extreme at 100 m depth. Parameters for such cases are given in Table 3
for 140 Hz, but for accurate seasonal compansons, computations were repeated {or sources
at 100 m depth. These results are shown in Fig 2o, 27, and 28. The values of H, and o from
least squares fits to these computations are given in Table 6. The maximum seasonal differ-
ence at this frequency is found for Site | at the maximum range (750 Hz) to be 19 dB.

(U) This maximum difference is much larger than the 2-dB maximum difference at
25 Hz. A reason for this can be seen by companng bottom loss curves. For instance, Fig 13
for Site 1 shows a plateau of low loss extending up to about 15 deg grazing angle at 2§ Hz.
This plateau only extends to about 6 deg at 140 Hz in Fig 14, The minimum grazing angle
of 8.8 deg for the maximum profile therefore exciudes this entire low-oxs plateau. We con-
clude that the seasonal variation in propagation to long ranges can be quite large at {40 Hz,
The effect depends upon the details of the bottom-reflection loss as a function of grazing

angle.
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(U} Figure 26. Propagation losses for seasonal extreme profiles for
Site | at 140 He.

(U) The propagation loss for the Sitz § minimum profile appears to be anomalously
high. The attenuation, a, in Table & is not really much less than that for the Site § maximum
profile. This apparent discrepancy is noticeable in Fig 28, where the minimum and maximum
curves do not spread as do those in Fig 26 and 27. The reason for this is that the Site $ min-
mum profile is not bottom limited at the 100-m source depth. Several dif¥erent effects are
present here, and the propagation cannot be interpreted by reflection cocfficients alone.

(U) Propagation for the Site § minimuin profile would be stronger if source and
receiver were at the same sound speed. The bottomed recciver here is at a hugher sound speed
than the source, and rays up 1o 6 deg from honizental at the source do not reach the receiver.
A mode theory interpretation is that modes with strongest response at the source depth do
not reach the receiver depth (o: ha e a small response there). The first modes that do propa-
gate from source to receiver are not sufficiently large, compared with higher modes, to pun
a toward their value. The {irst of tivese propagating modes has an attenuation of 0.008 dB/
km (0.4 dB loss per bounce with 30-kin bounce distance) while the mode sum from Table 6
has an a equal t0 0.0173 dB/km.
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{U) Figure 27. Propagation losses for seasonal extreme profiles for
Site 3 at 140 H2.

Standard

Error of
Site Type H, a Estimate n
IMAX NMRP 40.06 1 0.30 Q.0487 £0,0007 05608 13
IMIN  NMRP 37.02 2023 0.0277 2 0.06006 04689 13
JMAX NMRP 31702047 0.0402 £ 0.09010 Q.8SHR 18
JMIN  NMRP 3323200 Q.0170 * 0.0008 Q3R60 13
SMAX NMRP TARR 2 Q.22 0.0197 £ Q.0003 0.39%46 1
SMIN  NMRP 35.322034 0.0} 76 2 0.0007 Q.a219 15

(UNCLASSIFIED)

(U) Table 6. Fits of H(s) = 10 log (1) ¢+ H, ¢ 2 to the notmal mode tandorn phase sums o
maxistuw 2nd minimum profites foe 130 Hz and 100 m source depths.
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(U) Figure 28. Propagation losses for seasonal extreme profiles for Site 5 at 140 Haz.
The dotted line 1s for the minimum profile, 3844 m receiver depth, which is
aear the conjugate depth.

(UY A receiver depth of 3844 m is near the sound speed of the source and the com-
puted propagation loss for this receiver is shown as a dotted curve in Fig 28. Being bottom
lunited, the maximum profile will have nearly identical losses at the two receiver depths, 30
at 3844 i depth, 3 7-dB seasoral change would be observed.

() A second mechanism is less important but adds to the increased attenuation.

This mechanism is descnbed in Appendix A and is mentioned here briefly hecause of its
novelty. The sediment at Site 3 has a lower sound speed than does the adjacent water. When
sound waves travel near this slow bottom, a dragging effect is felt at the bottom. This can
reduce the cusvature of the ray path and hold a rav near the bottom for an extended distance.
These paths then suffer more than the usual loss of energy into the hoijom. Thus, some
modes, equivalent to rzys vertexing just above the botfom (and the receiver). which would
ordinarily 2dd lowdoss erergy by diffraction to the receiver, are now high-oss and mcrease o,

(U} The above discussion shows that by choosing a receiver depth 700m above the
bottom. a 7B seascnal difference in propagation loss at 140 Hz (at 750 km range) is ex.
pected at Site 5. However, it also shows that an assessment of seasonal variation is a2 com-
plicated function of source and receiver depth and frequency. and that generalizations are
not always possible.
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(U) Seasonal propagation was not computed at 290 Hz because the runs are expen-
sive. It is safe to predict that the seasonal differences at 290 Hz will be at least as great as
those at 140 Hz. The source conjugate depth effect seen at Site 5 minimum profile at 140
Hz should be more pronounced at 290 Hz.

PROPAGATION NEAR SEA FLOOR AND SURFACE (U)

(U) Pedersen and Yee (Ref 1) have shown that at Site !, propagation losses computed
by random phase normal modes have a notch of high loss above thz ocean hottom. Since
this notch occurs at different depths for different source depths, it provide« a method for
increasing the strength of a target over background noise if the two origina-e at different
depths. For instance, if an array is placed at the depth of 4 r.otch for surface ships that
create background noise, then a signal-to-noise advantage ca1 be obtained for a submarine
target at a different depth. Pedersen and Yee showed that an array 30 m above the ocean
floor at Site 1B would have a 3-dB advantage in signal-to-noise ratio over an array on the
ocean floor at 25 Hz (both at 200 km range).

(U) In this section we will show that notches also exist at Sites 3 and 5. However, the
exact height of the notches above the ocean floor is a function of reflection coefficient, re-
flection phase shift, depth function beat length, and bottom limiting of some propagatiosn
paths. As a result, it will be shown that notch depth varies with season as well as with site.
Nevertheless, for a given situation, a near-bottom receiver depth can e found which best sup-
presses propagation from shallow n¢ “se sources at « given depth.

(U) Figures 29 and 30 show computed propagation losses for Site 1 at 25 Hz for
source depths of 18 and 100m. Five standard ranges from 50 to 1000 km have been selected
and are used in this and the following figures. The depth scale is divided into two halves:
the uppermost 400m of oceur depth and a lower 400m, which includes the bottom depth.
Curves for this type of propagation are quite flat and uninteresting through the majority of
the ocean depth, with only that part near the ocean boundaries being of interest. Random
phase mode addition gives a range-averaged result at each depth and makes it possible to see
these small effects, which would be very difficult to detect in the highly variable sound tield
of a single source. The range-averaged result should give a good estimate of the depth varia-
tion for noise fields due to many scattered sources at the same depth.

NEAR-BOTTOM SOUND FIELD (U)

(U) At each range in Fig 29, a maximum in propagation loss or notch occurs from
30 to 90 m above the bottom. The distance above the bottom increascs steadily with range.
In Fig 30 for a 100-m-deep source, the notch varies from 90 to 1 10 m above the bottom,
This notch arises from interference between paths that have reflected from the bottom and
those that have not yet touched the bottom. An analysis of this effect will be given in « later
section. Here we will discuss the operational implications.

(U) Let the 18-m source depth represent the depth of noise. A shallower depth
might be better, but a deep-draft tanker can produce noise near this depth. 1f the 100-m
sourc represents a submarine, then the best depth for a near-bottom array to detect the sub-
marine is the depth at which the difference in propagation loss most favors the 100-m source
depth. This difference between propagation losswes of Fig 29 and 30 is shown in Fig 31. The
{cst depth is near the depth of the notch in the loss from the 18-m noise source. Similar
cuives could be drawn for any two different ranges to noise and signal.
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{U) Figure 30. Propagation loss near the

surface and bottom for a 100-m
source depth, Site 1,35 Ha.
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(U) Figure 29. Propagation loss near the
surface and bottom for an 18-m source
depth at five ranges, Site 1, 25 Hz.
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mode addition,
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(U) Figure 31. Differencss in propaga-
tion loss between the 18- and i00-m
source depths of the two previous
figures.




CONFIDENTIAL

: (U) A question that can be answered by Fig 31 is how much can be gained by plac-

'-l-. ing an array above the bottom rather than on the bottom. The differences between the bot-
3 1 - tom and the peaks in Fig 31 are 2 to 2.5 dB. Thus, an array suspended about SO0m above the
- g bottom could expect to have a 2-dB advantage in signal-to-noise ratio over one on the bottom
! at 25 Hz.

(U) Figures 32 and 33 show a similar result for Site 3. At this site, the notch for the
{8-m source varies from 25 to 60m above the bottom. For the 100-m source, the notch is
near 90m above the bottom. The differences between the two losses are shown in Fig 34.
Here the difference between a bottomed and suspended array can be from 1.5 to 3 dB.

: - (U) Figures 35 and 36 show the average propagation losses for Site 5§ at 25 Hz. The
- ) notch for the 18-m source varies from 25 to 50m above the bottom. The notch for the 100-
; ! m source in Fig 36 is similar to that for the 18-m source, which leads to smaller differences

\ in the difference plot in Fig 37. Here the maximum gain for a suspended hydrophone over
a bottomed one is only 1.5 dB, and this only for ranges over 200 km.

(U) The effects of seasonal chanyes and frequency on the notch effect will be dem-
onstrated by showing six more plots for Site 3. Figures 38 and 39 are for the 18-m source
for Site 3 maximum and minimum profile at 25 Hz. The depth of the notches for these two
profiles is essentially the same. Only the strength or intensity of the notches varies. Compar-
ing Fig 32 for the standard Site 3 profile with these two shows that it is also very similar,
occupying a position between them.
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(U) Figure 32. Propagation loss near the (U) Figure 33. Propagation loss near the
surface and bottom for an 18-m surface and bottom for a 100-m
source depth, Site 3,25 Hz. source depth, Site 3,25 Haz.
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(U) Figure 36. Propagation loss near the (U) Figure 37. Difference in propaga-
surface and bottom for a 100-m tion loss between the 18- and
source depth, Site 5,25 Hz. 100-m source depths of the two

41 previous figutes.
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‘ (U) Figure 38. Propagation loss near the (U) Figure 39. Propagation loss near the
surface and bottom for an {8-m surface and bottom for an 18-m
source depth for the Site 3 maximum source for the Site 3 minimum
profile, 25 Hz. profile, 25 Hz.

(U) The plots for the 100-m-deep source are shown in Fig 40 and 41. Here, con-
siderably more seasonal variation is seen. This arises partly because seasonal profiles were
selected to maximize sound speed differences at 100 m depth. The notch depths for the
18- and 100-m source depths of the maximum profile tend to be closer, so the gain there is
not as large. The advantage of a suspended array over a bottomed array is less than 2 dB
for this profile at all ranges. For the minimum profile, the difference reaches 3 dB. Thus,
for Site 3, the gain for different seasons is between 2 and 3 dB.

‘ (U) In Fig 42 and 43, losses for Site 3 at 140 Hz are shown. Here we see the notch
-1 varying above the bottom from 5 to 10m for the 18-m source and from 10 to 15m for the
100-m source. Near 10m good gains over a bottomed array can be obtained. Near 35Sm

. off the bottom the beats are out of phase, and even larger gains (6 dB) can be obtained.
. However, within a few meters of this depth, the opposite effect will occur. The noise will
: be enhanced and the submarine signal weakened. It is apparent that utilizing the notch to
gain signal-to-noise ratio will require careful planning because of differences due to frequency,
site, and season.

ANALYSIS (U)

(U) The preceding figures show that a notch usually exists above the sea floor. In
this section we will discuss the mechanism of the notch and use it to explain the best depth
to utilize this notch.

42
CONFIDENTIAL




RECE{VER DEPTH,. m

CONFIDENTIAL

mr. 2°°F‘
300 |- é § égg 300 -

&
saoo]

RECEIVER DEPTH, m
3
3
RECEIVER DEPTH, m
¥

0 HEHBEE
" 4 HHBES
B 3400 |~ "" ‘ ‘
300 BOTTOM 3O - L oTTOM \ \ \\x

wol 1+ AL LT | w1 1 AL LLL

120 120 100 80
PROPAGATION LOSS, dB PROPAGATION LOSS, dB
(UNCLASSIFIED) (UNCLASSIFIED)
(U) Figure 40. Propagation loss near the (U) Figure 41. Propagauon loss near the
surface and bottom for a 100-m source surface and bottom for a 100-m
depth for the Site 3 maximum profile, source depth for the Site 3 minimum
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(U) Figute 42. Propagation loss near the (U) Figure 43. Propagation loss near the
surface and bottom for an 18.m surface and bottom for a 1004n
source depth, Site 3, 140 Hz, source depth, Site 3, 140 Hz.
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(U) The pattern in propagation loss near the bottom arises from the sum of 2 num-
ber of modes. The change in the shape of the pattern as range increases is caused Ly higher
order modes decreasing and disappearing due to their higher attenuation. They have higher
attenuation because there is a general increase in bottom reflection loss with higher grazing
angle (which corresponds to higher mode number), and also because the distance b.tween
bottom encounters becomes smaller with higher mode number.

(U) The sequence of modes that determines the loss at the bottom for a Site 3 25-
Hz, 18-m source is shown in Fig 44 on a decibel loss scale. The upper set of poii-is is the
depth function response at the bottom for each mode. The two lower sets of points show
the response of these modes at 100 and 1000 km range. The range spreading factor is ornit-
ted, being the same for each mode. Responses are plotted versus mode number and also bot-

tom grazing angle of the equivalent ray. At 100 km range, the single strongest mode is num-

ber 53. At 1000 km range, the strongest mode is number 31. To gain an insight into the
notch formation, we must now view this sequence for a receiver somewhat above the bottom.

{U) Figure 45 shows a simil>. mode sequence for a receiver 30m ibove the bottcem.

This is the location of the notch at 100 km range in Fig 32. In Fig 45, at 100 km range, mode
48 has the largest response. Furthermore, its response is about 2 dB below that of mode 53
in the previous figure. This roughly explains the increase in loss from the bottom to the

notch depth in Fig 32.
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(U) These mode sequences can best be analyzed by showing the factors entering
into them. These are the mode response at source, at receiver, and the mode attenuation.
These are shown in Fig 46, 47, and 48. In Fig 46, the mode response at two source depths
is shown. The 18-m source is the one used in the previous two figures. For this source
depth, the modes are increasing in strength throughout this interval. This is because the
source is close to the surface. The surface effect is discussed in a later section, *“Near-Surface
Sound Field.” The equations there indicate that even the highest order modes, equivalent
to almost vertical rays, cannot have nulls within one-half wavelength of the surface for the
18-m source depth. Therefore, no nulls will occur at the 18-m source, as is the case at the
100-m source near mode 44 in the figure. A maximum response should be reached at a
grazing angle near 57 deg, which is off the scale of Fig 46.

(U) The shape of mode depth functions near the surface is predictable because the
pressure-release effect requires that a null exist at the surface or, equivalently, that a phase
shift of 7 radians occur upon surface reflection. The phase shift for bottom reflection is a
function of grazing angle or mode number. The value of the mode depth functions at the
bottom in Fig 47 corresponds to the phase shift there. At the nulls near modes 46 and 59,
the reflection phase shift is 7 ra-*ians. Near the apexes of the curve, the phase shift is 0 deg,
and the phase shift varies smoothly between these limits. For the receiver depths above the
bottom, the pattern in Fig 47 shifts to the [eft. This can be seen by comparing Fig 44 and
Fig 45.
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(U) Figure 46. Magnitude of each mode depth function at two
source depths, Site 3, 25 Ha.
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(U) Figure 47. Magnitude of each mode depth function at the
ocean bottom, Site 3,25 Hz.

(U) Figure 48 shows the attenuation sutfered by each mode at 1000 km range. The
attenuation expressed in decibels is proportional to range. The sum of losses in Fig 46, 47,
and 48 gives the losses shown in Fig 44 for 1000 km range.

(U) We can now explain the minimum in propagation loss at the ocean bottom as
seen in figures such as Fig 32. At all ranges the loss increases towards a relative maximum at
the notch as distance above the bottom increases. The loss is smallest at the bottom because
the mode response and mode attenuation curves of Fig 47 and 48 are in optimum correla-
tion at the bottom, that is, the modes with maximum depth function response are the modes
with minimum attenuation loss. Modes with minimum depth function response, those in the
nulls, also have greatest attenuation. As the receiver moves up from the bottom, the pattern
in Fig 47 will change, but that for the attenuation in Fig 48 will remain the same. Now, the
modes of maximum response will no longer be those ol minimum attenuation,

(U) The surface effect also contributes to increased loss above the bottom. As the
pattem in Fig 47 shifts to the left, increased loss at the 18-m sourve oceurs, as shown in Fig
46. That is, as one moves up {rom the bottom, progressively lower order modes have maxi-
mum response, but lower order modes have a smaller response at the shallow source. Thus,
shallow sources should lead to a pronounced notch with a clear deceease in loss from the
notch to the bottom.
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(U) Figure 48. The loss through attenuation of each mode at 1000 km
range for Site 3 at 25 Ha.

(U) The reason for the correlation between mode response and mode attenuation
at the bottom can be seen in the phase of the reflection coetficient. Figure 49 shows the
reflection loss and reflection phase shift as computed by normal modes for Site 3, 25 Hz.
Note that as peaks of maximum loss occur, the phase passes through 180 deg. At minmimums
in loss, it passes through 0 deg. The mode attenuation is a function of the reflection joss, and
the mode depth functions depend upon the phase shift. When a depth function has a maxi-
mum at the bottom, the attenuation is at a minimum. Therefore, the propagation loss has a
minimum at the bottom.

(U) The preceding discussion can be illustrated by viewing the actual depth func-
tions. Figure 50 shows the depth functions near the bottom for four modes. Mode 31 is the
dominant mode at 1000 km range in Fig 44. The phase shift at the bottom is 6 deg, very
near zero. Mode 406 has a phase shift of 172 deg at the bottom, very close to 180 deg. As
can he seen, it has a very small response at the bottom. This mode is also at a local maxi-
mum in the attenuation curve of Fig 48. Mode 52 is the dominant mode at 100 km range.
The bottom phase shift is 19 deg, again close to zero. Mode 37 is at a local maximum in
Fig 44 and has a phase shift of =34 deg. At a ecceiver depth of 3525m, the figure shows
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(U) Figure 49. Reflection loss for Site 3, 25 Hz, with phase shif* ¢, the phase angle
of the compiex reflaction coefficient.

o akh -

s that mode 46 has the greatest response of these four modes. Figure 45 shows that this is
i true at short ranges, but at 1000 km, the attenuation has greatly suppressed this mode., The
' mode response and attenuation are not correlated at this receiver depth tor mode 6.
(U) The depths of minimum and maximum response of mode depth function can
be estimated near the bottom. Appendix B shows that a half cycle, the depth difference,
AZ, from one null to the next in these depth functions can be approximated by either

AZ =~ 7(C 12 wra0)}?
or
g AZ = 7 Cylwsin ¥ &)
where Cy, is the sound speed at the bottom, w is the angular frequency, v is the grazing angle
at the bottom, and AC is the difference between the phase velocity of the mode and Cy,.
4 Thus, A Z is inversely proportional to frequency and sin ¢ or the square root of AC,
- {U) As shown above, the position of the hall cycle relative to the bottom depends
; upon the bottom reflection phase shift. The fraction F of AZ up to the fust null is
given by
F = (1/2 + ¢/360) (10)
48
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(U) Figuee 50. Magnitude of dimensiontess depth functions for Site 3, 25 Hz. for an 18.m source
depth. These four modes have bottom grazing angles of 13.4, 167, 214, and 243 dgg.

where @ is the phase shift (in degrees) upon reflection. The maximums in the depth functions
will be midway between the nulls. With £q ¢9) and 110} ard a plot of reflection phase shifs,
one could estimate tire shape of Fig 47 or a similar figure for receivers above the bottom.

(U) The curve of differences between 18- and 100-m source depths, Fig 34, must
depend upon the difference in mode response at the two source depths of Fig 46. The dif-
ferences in this figure are that the 18-m source depth curve increases monotonically. The
100-m curve is, for the stronger maodes, decreasing from mode 28 on. Thic notch for the 18-m
source depth occurs from 25 m above the bottom at 50 km range to S0 m at 1000 km range.
The decosrelation depth sbove the bottom is onequarter period or onc-half of AZ in Eq (9)
plus a correction for phase shift. This 13 the distance for a mode with maximum response at
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the bottom to reach minimum response or a null. The 25 and 50m above correspond to
modes with grazing angles of 37 and 18 deg plus some correction for phase shift. The domi-
nant mode for the 100-m source in Fig 46 is at about 12 deg grazing angle, which has a de-
correlation depth of 73m above the bottom, or 80m using ¢ of 18 deg in Eq (10). This
depth corresponds to the depths of the minimums in Fig 34 or the depth at which the 100-m
source has the fewest advantages over the 18-m source.

(U) Starting at the bottom and moving upward, the difference curves of Fig 34
increase because the i8-m source is reaching maximum decorrelation more rapidly than the
100-m source and also because the shallow source effect is added in. The decorrelation depth
at 18m is range dependent, but above this depth the difference decreases rapidly to about
8Cm, where the minimum is reached as indicated zbove.

(U) An analysis of the notch effect at Site | is similar to that at Site 3, for the sedi-
ment parameters are similar and therefore the reflection losses are similar. Figure 51 shows
reflection phase shifts for these two sites at two frequencies a< computed by normal modes.

(U) Site § is more complicated and no analysis will be attempted. The increased
complication arises from threc factors. First, Site S is {ess severely bottom limited, and more
modes at cthe low end of the bottom-re{lected modes are admitted by the source. Second,
reflection losses are lower, and more modes contribute from the higher end of the mode
sequence. Third, the slow sediment sound speed and sediment sound channel cause large
variations in bottom-reflection phase shift. Figure 22 showed refiection losses at six differ-
ent frequencies. Figure 52 shows the corresponding phase shifts. The effect of such phase
behavior on notches should be investigated at a future time.
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(U) Figure $1. Reflecican phase thifl. ¢. for S.tes 1 and 3 at two frequencies.
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(U) Figure 52. Retlection phase shift, ¢, fur Site 3 at six different frequencies
g q

(W) At 25 Hz, the sediment sound channel has little effect, and Fig 53 shows the
amplitude and phase of the reflection losses for Site 3. They are quite similar to those for
Site 3.

NEAR-SURFACE SOUND FIELD (U)

{(U) The preceding figures have shown nearssurface propagation effects as well as
near-bottom effects. The nearsurface propagstion is dosninated by two effects, the surface
decoupling effect and the minimum in loss when source and receiver are at the same depth.
The 25-Hz losses generally show a relative minimum in fows at a receiver depth of 100 m when
the source iz at 130m. When the source s at 18m dendh, this minimum is aet seen because
it 1s within the surfave decoupling region, defined below. At 140 Hz, 2 relative minimmum can
be scen at the source depth in both cases, except at the longer ranges for the 18-t source in
Fig 42, A sumilar minimum at the compugate depth of tie source does not occur at these sites
because the bottom lumiting prevents a conjugate depth in the water. The Site 3 minimum
profile 1x an exception. Loss versus depth is not given here for it, but the upper curve n Fig
28 shows losses for a receiver near this conjugate aepth of 3930m.

(U} Surface decouphing is defined in Ref 90 1t 1 the rapid decrease in acoustic pres-
sure near the surface because of the precure-refease effect at the wrface. I can also he
thought of as a result of the 180-deg jump m acoustic phase upon refllecton from the surface.

9. NUC Technical Paper 488K, “Low-Froguency Propagation Effects faor Sources or Receivers Neas the
Gcean Suface.” M A Pedetien. DF Gordon, and D) Whate, Sept 1975,
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(U) Figure 53. Reflection loss and phase shift tor Site § at 25 Hz,

The definition mentioned above assumes that there is a maximum ray angie of propagation or
maximum phase velocity. This occurs for surface-ducted propagation and for deep-water
propagation if the bottom is lossy and represents an upper bound to propagating energy. The
Bearing Stake sites are quite different. Because of the low bottom losses, sound propagates

at large angles to the horizontal by bottom-reflected paths. There is no firm upper bound to
ray angles here. This leads to surface decoupling effects quite different from those in Ref 8.

(U) The surface decoupling depth, Zgp), for a single mode is the depth of the first
minimum in propagation loss below the surface. Surface decoupling effects occur tetween
this depth and the surface. Reference 8 shcows that the surface decoupling depth can be

approximated by
Zgp = Mésin 0 an

R where X is the acoustic wavelength, and & 1s the angle the equivalent ray makes with the sur-
M face. Snell’s law gives 6 by

| cos§ = Co/Cpy (12)

where C, is the sound speed at the surface and Cy, is the phase velocity. If there were o
limiting ray, C;; would be the phase velocity of that ray. The decoupling depth is just one-
half of AZ in Eq (9).

(U) Figure 29 and subsequent figures show the surface decoupling depth increasing
with range. This ie because with increasing range, the high-angle rays are attenuated and sin #
in Eq (11) becomes smaller. The surface decoupling depth then becomes larger.

ML e ie
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(U) Equation (11) should, in some sense, give the angle of the highest angle rays
still propagating at each range. In Fig 32, for instance, the decoupling depth increases from
30 to 80 m, The angle 8 therefore decreases from 31 to 11 deg between 50 and 1000 km
range. Similar analysis for Site 1 gives 31 to 9 deg and for Site 5, 44 to 16 deg. At Site 3,
140 Hz, the decoupling depth increases from 18 tc S0m, giving maximum angles of propaga-
tion of 9 to 3 deg. These results agree with intuition. The lowest loss bottom, that of Site 5,
supports the highest angle propagation at a given range. At the higher frequency, with greater
bottom loss, the maximum angles of propagation are much smaller.

(U) The results of the last paragraph do not agree well with the analysis of the notch
in the preceding section, which for Site 3 said the bottom grazing angles of strongest propaga-
tion varied from 37 to 18 deg. These correspond to surface grazing angles of 36 to 15 deg.
This disagrees with highest angles stiil propagating -- 31 and 11 deg. The discrepancy arises
from Fig 32, in which the surface decoupling depth is always a little largzr than the distance
from the notch to the bottom, yet we used the same formula, one-quartes of the period, to
interpret results. The analysis of the bettom notch probably accounts for most of the error,
because it is a more complex situation and the phase shift, ¢, was ignored. The fairly close
agreement between decoupling depth and notch depth suggests that they arise from similar
mechanisms, though.

CONCLUSIONS (U)

(C) Propagation losses at the three bottom-limited Bearing Stake sites, 1, 3, and 5,
are compared here with normal mode computations. Least squares fits to selected data in
50-km bins give a measure for overall level, H,, and an attenuation, «, which s a function of
bottom reflection loss. Conclusions are:

1. (C) Hgyat25 Hz indicates that the source levels assumed for the towed pro-
jector are 1.5 to 2 dB too small. The actual source level was higher,

2. (C) At 140 and 290 Hz, there may be an even larger discrepancy between the
actual projector output level and that used for analyzing the data. However, other factors
such as larger attenuation may be the cause of this discrepancy.

-

3. (U) The atterwuation « for data computed by normal modes is two to four
times larger than for observed data. Bottom reflection loss is the main cause of attenuation.

4. (U) Reflection losses computed by normal modes using ARL sediment models
are reasonably close to observed reflection losses. Theretore, observed retlection losses and
observed propagation losses are not in agreement.

(U) Archived sound speed profiles with maximum and minimum sound speed at
100 m depth were selected for each site. Propagation losses were compared using these
extreme profiles. Conclusions were:

I. At 25 Hz seasonal differences in propagation were less than 2 dB to 750 km
range.

2. At 140 Hz seasonal propagation loss differences were equal to or less than
19 dB to ranges of 750 km.

3.  The maximum and minimum profiles did not occut in any predictable season
of the year.
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(U) Average propagation loss was computed and plotted in the upper and lower
400m of the ocean. Conclusions were:

1. Except near the upper and lower boundaries of the ocean, the average propaga-
tion loss is nearly constant with depth in these bottom-limited sites.

Z.  Average propagation loss usually has a relative minimum at the ocean bottom
and increases to a relative maximum or notch just above the bottom. At 25 Hz, this notch
is between 10 and 50 m above the bottom.

3. When target and noise sources are at different depths, a depth above the bottom
can be chosen at which a receiver will have a better signal-to-noise ratio than a receiver on the
bottom by up to 3 dB. This depth is frequency dependent. It is tens of meters above the
bottom at 25 Hz.

4. A surface decoupling depth cannot be estimated by established formulas because
there is no sharp cutoff to energy propagating at high angles. The surface decoupling depth
increases with range.
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APPENDIX A: SEDIMENT ACOUSTIC DUCTS (U)

(U) A slow bottom, that is, sediment sound speed less than the water sound
speed, creates a duct in the sediment. This duct is bounded by the water of higher sound
speea at the top and the steep positive sound speed gradient below. The Site 5 sediment
model is of this type, and in this appendix we will show some consequences of this sediment
duct.

(U) This duct was first noticed when it caused failures of a usually reliable method
of finding eigenvalues. This method is simply to estimate the eigenvalue by extrapolation
from the three previous eigenvalues and then correct this estimate with a Newton-Rafson
root finder. This extrapolation works well if a parabola can fit four consecutive eigenvalues
closely. The sediment duct causes irregularities in the mode sequence, and modes there are

e not fit well by a parabola. This can be seen from the interference length between modes.

(U) The interference length between adjacent modes, the range intervai required for
one mode to gain a full phase cycle on another, is given by

L = 27/Ak

where L is the interference length and Ak is the difference in the real part of the wave
number between two modes. When computed between adjacent modes, this quantity
gives the range interval between interference beats. Figure A-1 shows this distance for
four frequencies for modes with phase velocities near the bottom sound speed. These

: modes are for the Site 5 maximum profile. The large peak at 140 Hz means the modes

i are not evenly spaced, and extrapolation from mode to mode is not a good estimate for the
4 next mode.

s e i

(U) Modes can be related to rays with the same phase velocity. The scale at the top
of Fig A-1 shows the distance above the bottom at which a corresponding ray will
. vertex or, if it reaches the bottom, the grazing augle at whichi it will contact the bottom.
: From this scale it can be seen that the unusual behavior in the modes takes place before
they, in effect, reach the bottom.

(U) The intesference length between modes can be equated with the loop length
of the corresponding ray if the two modes are associated wiih the same duct. Figure A-)
therefore seems to indicate that some rays passing near the bottom have unusually long
loop lengths. This may indicate that wave effects tend to curve the ray towards the bottom
and cancel some of the normal upward curvature. However, the existence of a sediment
duct may mean that adjacent modes are not associated with the same duct and that the usual
ray — mode relationships cannot be used. Therefore, we will net pursue this explanation
further. Coupling between the two ducts is a more accessible explanation.

(U) The sediment has an absorption loss (0.6 dB/kim at 140 Hz), <0 modes that
stimulate propagation in this duct will lose encergy in the sedimer” Figure A-2 shows the
attenuation of near-bottom modes such as were shown in Fig A-1. [t is apparent that some
reronance condition is met near 140 Hz, It is presumably 3 coupling between a water mode
and the first mode in the sediment. The mode depth functions support this supposition.

(U) Figure A-3 shows depth functions for several modes from the Site § minimum
profile. The depth function labeled -7, the seventh mode precediag the fisst bottom-touching
mode, is the mode of greatest attenuation. The sediment sound speed equals the phase
velocity of this mode about 19 m below the sediment surface. The maximum in the depth
function occurs § m below the sediment surface.
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(U) Figure A-L. Interference distance between modes for modes just preceding
and following the first hottom grazing mode for Site S. The upper scale
rofers to parameters for rays with the same phase velocities as the modes.

(1) Within the vwormal mode program, the identity of a mode can be determined
from the change in a unitless depth parameter, ¢ (2), through that part of a duct occupied
by a mode - the 19 m of the previous paragraph. A pressure-release surface with a phase
angle of 180 deg requires a change in ¢ of 2.33 to support mode 1. A rigid surface with
0 phase shift requires a change in § of 1.1, The changes in § for five consecutive modes with
the mode of greatest loss in Fig A-2 in the center are 1.32, 1.35, 1.36, 1.37, and 1.40. The
corresponding phase shifts in the reflection coefficients from the underside of the sediment
surface are -7.3,-10.0,-9.3, -18.3 and -123.3 deg. These numbers do not exclude the ex-
istence of a mode in the bottom in any of the five cases. On the other hand, they do not
add any confidence to the explanation of the mode structure. Over this sequence of five
modes, the depth of the maximum of the depth function in the sediment increases by
2 m. It appears that these modes are being driven by the much more extensive modes in
the water above, and the maximum effect at the middle mode is evidence of optimum
coupling. Previous experience indicates that this should happen when the phase velocity of
a mode in the water happens to be very close to the phase velocity of a mode in the sediment.
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(U) Figure A-2. Attenuation of modes for Site 5.

However, the regular sequence in maximums in Fig A-2 indicates some more precise relation-
ship that we have not discovered.

(U) In one further study we changed the jump in sound speed between water and
sediment to only 75 percent of the given value. We obtained a similar peaking in mode at-
tenuation, now around 210 Hz rather than 140 Hz. At this mode, the change in { was
again 1.36.

(U) Modes such as these will cause better than normal propagation to near-bottom
receivers (or sources) at relatively short ranges. However, their high attenuation will damp
out their effect at longer ranges. The damping will equal the excess response in about

100 km. Therefore, some near-bottom enhancement should be observable to ranges of less
than 100 km.
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(U) Figure A-3. Amplitude of mode depth functions for Site 5 minimum
profile at 140 Hz. Source depth is 4534 m (bottom depth). Modes
are numbered relative to the first bottom mode. Vertexing depths
of corresponding rays are marked.

58
CONFIDENTIAL




CONFIDENTIAL

APPENDIX B: MODE DEPTH FUNCTIONS NEAR THE BOTTOM (U)

(U) The height above the bottom of a cycle in the depth function for a given mode
can be estimated. To find the depth interval from null to null or peak to peak, we look for
a halfcycle or 7 change in phase of the depth function. The depth function is essentially an
Airy function of the unitless depth parameter ¢ (Z) given by

t2) = [33 Z-2y + w2 (1/c2 - 1/cp2)] al (B-1)

where
ad = -2 o7 w2/Cb3

and Z is depth, Zy, is the bottom depth, Cy, is the water bottom sound speed, Cy, is the phase
velocity of the mode, w is the angular frequency, and v; is the sound speed gradient. The
depth function may be an Airy function with shifted phase, but here we are looking for a
phase difference of one-half period, so the shifted phase does not matter. The first term of
the asymptotic series for the phase of an Airy function is given by

232
—

Assuming the second term in the square brackets of Eq (B-1) is large compared to the first
two terms of a binomial expansion of {3/ 2, then

0(-5)-m/4 =~ (B-2)

r 3/2
32 ~ |2 (e - 1/cp2)/a2] +3:2-2pw(icd-1c) 2. ®3)
Taking the difference in 8 (-¢) at two values of Z gives
2 N\1/2 .
8- - 068y = @ -Zpw (e -1icd) . (B4)

Letting this phase change be r and approximating Cp with Cy, but keeping their difference,
AC, we obtain

Az ~ v (cdrrwtac)? (B-5)

The quantity AZ approximates the distance between nulls in the depth function. We see this
depth interval is inversely proportional to the square root of A C and to the frequency.

(U) By Snell's law, the grazing angle ¥ at the bottom is given by
in ) = 2 Q12
siny = Cy (1/eg - 1) (B-6)
Using this in Eq (B<4) gives an altemate expression for AZ:

AZ = ﬂCb/w sin . (B-7)
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(U) Equation (B-2) is reliable to two places for AC greater than 2 m/s, or about
3 deg grazing angle. Approximations going from Eq (B-2) to (B-3) and from (B4) to (B-5)
should have two-place accuracy for grazing angles below 15 deg. The above analysis is most
accurate for real eigenvalues. Eigenvalues with appreciable imaginary parts, meaning lossy
modes, will give less accuracy in Eq (B-5) and (B-7).

60
CONFIDENTIAL




DEPARTMENT OF THE NAVY

OFFICE OF NAVAL RESEARCH
875 NORTH RANDOLPH STREET
SUITE 1425
ARLINGTON VA 22203-1995

IN REPLY REFER TO:

5510/1
Ser 3210A/011/06
31 Jan 06

MEMORANDUM FOR DISTRIBUTION LIST

Subj: DECLASSIFICATION OF LONG RANGE ACOUSTIC PROPAGATION PROJECT
(LRAPP) DOCUMENTS

Ref: (a) SECNAVINST 5510.36
Encl: (1) List of DECLASSIFIED LRAPP Documents

1. In accordance with reference (a), a declassification review has been conducted on a
number of classified LRAPP documents.

2. The LRAPP documents listed in enclosure (1) have been downgraded to
UNCLASSIFIED and have been approved for public release. These documents should
be remarked as follows:

Classification changed to UNCLASSIFIED by authority of the Chief of Naval
Operations (N772) letter N772A/6U875630, 20 January 2006.

DISTRIBUTION STATEMENT A: Approved for Public Release; Distribution is
unlimited.

3. Questions may be directed to the undersigned on (703) 696-4619, DSN 426-4619.

A X,
BRIAN LINK
By direction



Subj: DECLASSIFICATION OF LONG RANGE ACOUSTIC PROPAGATION PROJECT
(LRAPP) DOCUMENTS

DISTRIBUTION LIST:
NAVOCEANO (Code N121LC - Jaime Ratliff)
NRL Washington (Code 5596.3 — Mary Templeman)
PEO LMW Det San Diego (PMS 181)
DTIC-OCQ (Larry Downing)
ARL, U of Texas
Blue Sea Corporation (Dr.Roy Gaul)
ONR 32B (CAPT Paul Stewart)
ONR 3210A (Dr. Ellen Livingston)
APL, U of Washington
APL, Johns Hopkins University
ARL, Penn State University
MPL of Scripps Institution of Oceanography
WHOI
NAVSEA
NAVAIR
NUWC
SAIC



(1) ON3

G

ERIETRIN () VISV IV-AHOANVY HOYVASTI JILSN0OOV
1 ajqerieaeu - - -
A AN 101014 uead() 10y IAjua)) AImep DDV -SADIANAIdY "INTNNIAIXT 1 vIIVd GHL 14PEATEN CTTOATE00ON
() 1 19Vd DIINVILY
n anN SILI0L A10jeI0GR] YoIBasay [BAEN ISVIHLYON UL NI INTFWIIAdXE NOILVOVJOdd ‘D g ‘S[pny I"TOA OL1-9DV
HADONVYE DNOT JALLVIOGVTIOD V -LVAN 1J41r0dd
n aN 0Z010L 2oHAS (N) WVYDOUd INFIWINSVAW d9dd LSHL OILNVILY s[qefieAru 1L71 TOld 9HREIOS
ue30Q 10§ 133U AInepy TN ¥NO 150 NVTd OW
o aN $0500L Atoleroqe yoreasay [eAEN|  JIDNASNVYL YIANOISNVEL ¥IAIdS VAS|  2lqe[iearun)]  ¢01€ ¥O QSN
g 30UAI0S
n 6079050AaV 101169 " UBed() 10§ 197Uy AIMEN INTANAIXT I VIIVd Jqqe[reaeu) s[qefieaeup)
gl - Teowag| o () 69-7 NV1d DIALLNAIDS| | 10NV
¢ 9069 ¢ ¢ @\ i . J[qe[ieARU
1 |AN-9¥80z08av @“N‘, 06" N &80‘@%&;@ AmeN|  YNO “¥AdIdS VAS ONIZITILA INFNTIAdXT I VIEVd 1aer n DI 169-T dS INO
o () S109IXT YOHONV ]
¢ ¢ ¢ 201 sryderdouradp) [eAe r°d ‘eoon
‘ o aN-AV SN SSMWM imww\M o oﬁ zl HOYNHD FHL ONNINA SNOLLIANOD ALIDOTIA ANNOS ‘ f m‘ ] m 0¢Z4IOON
aN | JHL ONIENA €261 YIWNNS NI NVIO0 JOILNVILY
¢ : A1ano 23 Uead) [eae g ( ‘19Uu
-9 ‘SN 9+56200AV 10£008 IRV AFd O TEAEN ISVAHLION dHL 40 TINLONYLS dadS ANNOS 4'd 4 LTIVAYON
. aN :nv SOLI0JRI0QET] YDIeasay (1) "SINTFWTINSVAN NOLLYOHVIOUd . .
e . ‘el ) Q 8«
a0 ‘SN 9611000V 61L09L paddy ‘sexa] Jo Ans1datun) (SNS) IDUNOS FAISOTIXH TvAd TIVNOS _ S TN LEILALTAV
aN () dI'Td /79 WOHA SINGWTINS VAN NOLLVOYJOdd
: . . 9 A1018I0qR ] [RIISAYJ SULIE g ‘D ‘SLLIO -0)-
n-o ‘NV L00100AaV 10L09L el d W (SNS) IDYNOS FAISOTIXH JOHONV HOUNHD g0 SN 9L/cy=O"1dIN
aN () L3404 SNOLLVIAJO
¢ 9 0y SuireamBuyg srwusia ‘H M ‘uue an
- ‘SN ‘brL0ogsoav telitl D SUUISTEHT OTHSIS ATHI YTIOTIXE DINSIFS A TVHA TAVNOS Hom R StLODHUSH
N () TAVLS HDNIIvAd
I2Ju2 wEEm% ueId) BA®R ' ’ .ﬁo na
= ‘SN 162082000V 108018 9 S O TEAEN ONNINA SAVIIV JO ALITIEVIIVA FONTITHOD VT HRaneN 0894.LOSON
an ‘nv (1) SALIS VIS ONIMVAd dHL
19U SWIJISAS UBIO() [BAR I (1 ‘uopio
D ‘SN ‘2,89700AV 108018 D S O TEAEN 1V SSOTNOLLYVOVJOYd 40 SISATYNY JAOW TVIAION 4@ TOPIeD E0LALOSON
2 | ,Qz v 10018 191u2)) SWAISAS URadQ [eARN| SHLIS AMV.IS ONNIVIAL FHL 1V NOLLVINNIS AVIdY "4 "d ‘uopion 994 LISON
‘SN ‘7665200aV
aN :nv ()
D ‘SN SLZSEZ0OAY $16008 AnAnoy g ueadQ [eaeN| I FYOYLS HOYNHD ONMINA 111 VA9 VT FHL HLIM g '] ‘UsqQarn DOSNLVAION
R ATINSYHNW SOLLSNALDVIVHD TVYNDIS OILSNODV
(M) ODIXANW J0 AT1ND FHL NI SSO1 NOISSTNSNVIL
¢ AAno uead() [eae Te 19 “y g ‘uosunit Vv N
D |AN‘€pS6700AV| 106008 A0V A%y O [eAeN AONANDTEL MOT NO SLOALIE TV LNTNNOHIANA I v'd d LONLVAIO
NOILVIVJdTdd VIVd
b~>— ) uead BAR T Y ‘9sno 24 ue lQe[TeEAEBU
D £615200dV 10216L ALY %Y O [eABN ANV STOUN0S SVE VLIVA T INTIOA ‘SIVENAS ry PPOAM UBA qeft n
o) aN-nv 62016L SOUIONETOqE H2TEaS ANV SINIWTINS VAW DILSNOOV qﬁﬁ%ﬁ%&ﬂﬂw HLEERNO RS B> Il | S6LALTIV
¢ ¢ anddy ‘sexa] jo ANIS19ATU
SN-Z016200aV PRV mh SIeATIN DVAOIVAIV § ASINED T TAOWLS HOYNHD
nqeieA Jje J0jeuioll
*SSB[D) AnqeneAy ed (10euidLQ) nyL Joyny [euosidg [ 1dquny yroday
judLIn)) ‘qnd 1no§ uonedqng

sjuawnoog ddvy1 Payisse|oeQ




